Abstract: Al:ZnO (AZO) thin films having with different Al concentrations were deposited on glass substrates by a sol-gel technique. The effects of Al doping on the structural, optical, and electrical properties of Al:ZnO were investigated using with XRD, optical transmittance, and sheet resistance measurements. The concentration of zinc acetate was 0.1 M. Al content in the starting solution was varied from 0 to 20% as the molarity range. Optical transmittance spectra of the films in the form of Film/Glass were used to determine the film thickness and optical band gaps. The optical transmissions of Al:ZnO thin films were higher than 80% in the visible and near infrared region. The optical band gaps of Al:ZnO films decrease with increase of Al content. In order to obtain the average sheet resistance of the films the current and voltage through the probes have been measured for five different position by four-point probe method. The results showed that the sheet resistances of Al:ZnO thin films increased with the Al concentration. Considering the film thickness and geometric factor, the electrical resistivity values were computed. It was observed that the sheet resistance of AZO films up to 10% molarity of Al in the starting solution increased.
INTRODUCTION
ZnO and ZnO-related compounds are suitable for many different applications, such as opto-electrodes, surface acoustic wave devices (SAW), and sensor materials. In order to meet these demands, various dopants such as group III-A elements of the periodic table (B, Al, Ga, In) can be used. These elements have been used to increase the electron density for conductivity of ZnO films [1, 2] . Considering these elements' cost, nontoxic natures, good electrical conductivity, and availability in nature, Al comes to the forefront [3, 4] . It is possible to coat the substrate surface with the Al material using different growth techniques such as sputtering, metal organic vapor deposition (MOCVD), pulsed laser deposition, and ultrasonic spray pyrolysis technique (USP). The USP technique, among the various deposition techniques, is quite simple and the required setup is economic and flexible for process modifications such as large area coating for industrial applications. Dopant-induced optical band gap shift observed in Al doped ZnO thin films prepared by USP technique. The blue shift in the optical band gap of Al:ZnO films for low Al concentrations is observed [5] . However, the optical band gap energy was decreased by doping process, which was finding in photoluminescence spectrum of Al doped ZnO film [6] . As seen there is a conflict about the optical band gap shifting for the Al-doped ZnO prepared by USP.
In this study, undoped and Al-doped ZnO polycrystalline thin films were fabricated on glass substrates by using USP system. The effects of Al doping on structural, optical, and electrical properties of ZnO thin films were investigated by the X-ray diffraction, optical transmittance, and sheet resistance measurements at room temperature.
MATERIALS AND METHODS

Experimental details
Undoped ZnO and Al-doped ZnO (labeled as Al:ZnO or AZO) thin films were deposited on to ultrasonically cleaned glass substrates using the ultrasonic spray pyrolysis (USP) technique. With conventional USP technique, the substrates were fixed and precursor solution was sprayed over a hot substrate. The substrate temperature was kept at 400 °C. The salts of zinc acetate dehydrate (CH3COO)2.2H2O, 99.9%-Merck) and Al chloride hexahydrate (AlCl3.6H2O, 99.9%-Merck) as the metal sources which were dissolved in methanol. In order to produce a clear and homogeneous solution, monoethanolamine (MEA) was added into the precursor solution which was stirred at 60 °C at a moderate speed for 1 h. In the starting solutions, Al contents were changed from 2% to %20 according to Zn salt's molarity and the films were labeled as AZO1-AZO20 (Table 1) . Zn content (0.1 M) was held constant. The solution flow rate was held constant at 5 mL/min. Nozzle (100 kHz oscillator frequency) used in this study was in a downward vertical configuration. A more detailed description of the USP system were reported in previous papers [7] . X-ray diffraction (XRD) patterns were collected with a D-Max X-ray diffractometer (Rigaku International Corp. Japan) with CuKα1 (λ=1.5405Ǻ) to obtain the structural information of the films. The optical measurements of the Al:ZnO thin films were carried out at room temperature using T70 Model Spectrophotometer (PG Instrument) in the wavelength range 300-900 nm. The sheet resistance of thin films was determined using 4-point probe method. Table 1 . Calculated film thickness t (nm), refractive index n for 390nm and 700nm wavelengths, and Eg (eV) optical band gap values of the AZO thin films vs the molarity of Al in the starting solutions.
Sample
Molarity of Al (M) 
RESULTS AND DISCUSSION
Structural characterization
The X-ray patterns for Al:ZnO thin films at room temperature and reference peak positions are presented in Fig. 1 . All the films were polycrystalline with a structure that belongs to the hexagonal wurtzite type that of ZnO. It was observed that the (002) peak indicating a strong orientation along the c-axis for undoped ZnO film. For Al with 2% molarity doped ZnO film, (200) and (101) as well as (110) and (103) cause a stress which affects to shift the peak position and change the peak characteristics (Fig 2) . In the XRD patterns, it was observed that the full width half maxima values decreased. The reason of this is the increase of the crystallinity of films. 
Optical characterization
The optical transmission spectra T(λ) of ZnO and Al-doped ZnO thin film samples are shown in Fig 3. The optical transmission spectra were used to determination of the optical constants of the thin films. In cases where the refractive index does not change very fast with wavelength, and considering the thin film thickness, interference fringes could not be seen in the optical transmission spectrum. In this cases, one of the iterative method such as pointwise unconstrained minimization algorithm (PUMA) [8] that can be used as an alternative to the classical method developed by Swanepoel [9] . There is excellent agreement between the experimental spectra and theoretical spectra for all the samples and one of the experimental and theoretical optical transmission spectra for the Al:ZnO thin film are shown in Fig. 4 . Calculated film thickness and refractive index for 390 nm and 700nm are given in Table 1 . The effects of Al doping into the ZnO lattice is clearly observed in the optical transmission spectra. The results showed that the optical transmittance of Al:ZnO samples in the range of 550-1100 nm wavelength region increases with the Al concentration except for the samples containing 2% and 3%. As it is observed in the structural characterization of the films, the (002) peak intensity and its angular position changes clearly are seen in the XRD pattern for the Al concentration higher than 3%. This can be associated with a refractive index, which is an important parameter.
The decrease of the refractive index that is indicating the optical transmission increases.
This result is clearly observed in the optical transmission spectrum. It requires attention to calculate the band gap value using traditional methods. If the transmittance rapidly decreases in the UV region this means that absorption increases. Then the optical band gap of the film can be calculated using the Tauc relation. After Al-doped in ZnO film two different behaviors at low wavelengths in the optical transmission spectrum can be observed. In this case, the optical band gaps of the thin films can be determined using this wavelength with the relation, ‫ܧ‬ ሺܸ݁ሻ = 1240.8/ߣ . Where λinf is the defined as the inflexion wavelength where the second derivative of the transmission curve is zero [10] .
The optical band gap (Eg) was estimated from the second derivative of the T(λ) ( Table   1 ). It is observed that Eg in the undoped ZnO thin film is 3.23 eV which is lower than value of bulk ZnO (3.37 eV). The change in the band gap value was observed in the AZO films prepared up to 10% molarity of Al. Then the band gap increased with doping over 10% molarity of Al. For Al doped ZnO film (AZO20) which prepared with the 20% molarity of Al in the starting solution, the band gap was observed as a value of 3.35 eV.
Similar type of Eg behavior have been reported for Al doped ZnO thin film that deposited by USP technique [11] . 
Electrical characterization
In order to obtain the conductivity of the films, the resistance was determined by fourpoint probe method. The current and voltage through the probes have been measured for five different positions. Then the average sheet resistance obtained (RSheet=GF*V/I).
Where GF is the geometric factor related with sample width and inter-electrode spacing.
Considering the thin film thickness and geometric factor, the electrical resistivity/conductivity was computed. The results showed that while the sheet resistance of Al:ZnO thin film increases with the Al concentration (Fig 5) conductivity decreases with the Al concentration (Fig 6) . The decrease in optical conductivity can be explained as increasing optical transmittance due to the low absorbance (α) of Al:ZnO thin films at low photon energies region using the relation [12] σ = αnc/4π, where c is the speed of light.
In addition, the increase of Al concentration can cause some kind of neutral defect.
Because of this case these neutralize Al atoms cannot contribute free electrons for the higher doping concentrations. 
